Cells of Candida albicans WO-1 switch spontaneously and frequently between a white and an opaque CFU. Recently, an opaque-phase-specific cDNA, PEP), was cloned and was demonstrated to code for a pepsinogen.
Op4 is immediately inhibited by the increase in temperature, but transcription of both genes can be rapidly reestablished by a downshift in temperature prior to phenotypic commitment. However, the capacity to rapidly induce both PEP) and Op4 is lost coincidentally with the second semisynchronous round of cell division and phenotypic commitment during mass conversion. Op4 shows no significant base or amino acid sequence homology with a known gene or protein, respectively. However, the deduced Op4 protein exhibits several interesting characteristics, including a hydrophobic amino terminus with 26 amino acids, a pl of 10.73 for the last 100 amino acids, two serine repeats adjacent to alanine repeats, and the potential for a-helical conformation within the alanine-rich sequences. No genomic reorganization was evident in the proximity of Op4 during transcriptional activation and deactivation accompanying the white-opaque transition.
Most strains of the infectious yeast Candida albicans are capable of switching spontaneously and frequently between a number of alternative phenotypes which are visualized by differences in colony morphology (24, 26, 28, 32) . In the most carefully characterized switching system, the "whiteopaque transition" in strain WO-1, it has been demonstrated that switching between the white and opaque phases affects many morphological and physiological parameters, including (i) cell and wall morphology (1, 2, 3, 28) , (ii) mass and volume (28) , (iii) intracellular architecture (2, 3) , (iv) antigenicity (1, 2, 3), (v) adhesion to buccal epithelium (18) , (vi) accessibility for vital dyes (3, 26) , (vii) sensitivity to neutrophils and in vitro oxidants (20) , (viii) sensitivity to antifungal agents (33) , (ix) secretion of acid proteinase (23) , (x) sterol and lipid contents (15) , and (xi) the capacity to assimilate several sugars (31) . This extraordinary phenotypic transition is in marked contrast to those of other switching systems such as those of Trypanosoma brucei (14) , Salmonella typhimunium (16) , Neissenia gonorrhoeae (35) , and Borrelia hermsii (6) , which are characterized by a change in a single antigenic trait.
The dramatic phenotypic alterations accompanying the white-opaque transition suggested that differential gene transcription was involved (33) , and both an opaque-phasespecific (opaque-specific) and a white-phase-specific (whitespecific) gene were subsequently cloned from opaque and white cDNA libraries, respectively, by differential hybridization techniques (23, 34) . The opaque-specific gene, PEP1, encodes a pepsinogen (23) and was demonstrated to be under the rigid control of switching in strain WO-1 (23) , whereas the white-specific gene, Whll, encodes a protein homologous to GLP1 of Saccharomyces cerevisiae and is expressed only in the budding white phase of strain WO-1 (34 
MATERUILS AND METHODS
Cell growth and development. Cells of C. albicans WO-1 were removed from a storage slant and clonally plated on agar containing the nutrient composition of Lee's medium (21) supplemented with 70 ,g of arginine per ml and 0.1 ,uM ZnSO4 (7). Individual white and opaque colonies were cultured at 25°C in liquid nutrient medium containing the same nutrient composition (21) . The cells were routinely grown to mid-log phase for experimental purposes. To induce semisynchronous bud and hypha formation, the cells were grown in nutrient medium to stationary phase and then released into fresh nutrient medium prewarmed to 37°C at pH 4.5 to induce semisynchronous bud formation and at pH 6.7 to induce semisynchronous hypha formation (10, 29) .
Isolation of RNA and DNA and Northern (RNA) and Southern blot analyses. Total cellular RNA was isolated by guanidinium isothiocyanate extraction (11) as previously described (23) . Poly(A)+ RNA was purified with microcrystalline-grade oligo(dT) cellulose (New England BioLabs) as recommended by the manufacturer. Total cellular DNA was isolated from protoplasts (4), and Northern and Southern transfers and hybridizations were performed according to methods previously described (23 Isolation of a second opaque-specific cDNA clone, Op4. To isolate a second opaque-specific cDNA clone distinct from PEP1 (23) , an opaque-specific cDNA library was subjected to a differential hybridization screen as described previously (23) . Briefly, an opaque cDNA library was constructed in lambda gtll and plated on five plates at a density of approximately 20,000 plaques per plate. Each plate was blotted with duplicate nitrocellulose filters. One filter of each set was hybridized with radiolabeled single-stranded white cDNA, and the other was hybridized with radiolabeled single-stranded opaque cDNA. Lambda DNAs isolated from liquid lysates of phage from plaques hybridizing selectively with opaque cDNA were probed with radiolabeled PEPI cDNA (23) . cDNA clones not hybridizing with PEP1 were plaque purified by an additional differential hybridization screen. DNA of one of these clones was prepared from a large-scale liquid lysate with plaque-purified phage and digested with EcoRI. The 1.9-kb insert was gel purified and ligated into the EcoRI site of pGEM9Zf(+) (Promega).
Electrophoretic separation of C. albicans chromosomes.
Agarose chromosome plugs were prepared according to the method described by Vollrath and Davis (36) from mid-logphase white and opaque cells cultured in liquid nutrient medium at 25°C. Chromosome-size DNA molecules were separated in a 0.65% agarose gel by contour-clamped hexagonal electrophoretic-field (CHEF; Bio-Rad) electrophoresis. The gel was run in 0.5 x TBE (1 x TBE is 25 mM Tris, 25 mM boric acid, and 0.5 mM EDTA) at 200 V with 80-s pulses for 24 h. The pulsed-field gels were blotted and hybridized as described for the Southern blots.
DNA sequence analysis. The sequence of the opaquespecific cDNA Op4 was derived from exonuclease III deletion constructs (Promega) by the dideoxy chain termination method with Sequenase version 2 (U.S. Biochemicals). The cDNA nucleotide sequence was confirmed by sequencing a homologous genomic clone, which was isolated from a genomic library of strain WO-1 constructed in lambda EMBL3a according to methods previously described (34) . The genomic sequence was obtained by the shotgun sequencing technique with M13mplO (5). Sequences were analyzed with the MicroGenie Sequence Analysis Program (Intelligenetics) (25) . The cDNA sequence was compared with sequences in the GenBank nucleotide and NBRF protein data bases, and the primary sequence of the deduced protein was subjected to Chou-Fasman analysis (12) with the Genetics Computer Group program (13) .
Nucleotide sequence accession number. The nucleotide sequence reported here has been submitted to GenBank and assigned accession number L10735.
RESULTS
Isolation of the opaque-specific cDNA Op4. To isolate an opaque-specific cDNA distinct from PEPI (23), cDNA synthesized from poly(A)+ RNA of opaque cells was used to construct a library in lambda gtll. The opaque cDNA library was then blotted onto duplicate filters, and the filters were hybridized with either radiolabeled opaque or white cDNA. Thirty-four of approximately 100,000 plaques exhibited a positive signal with opaque but not white cDNA. Twentythree of these putative opaque-specific clones hybridized with PEPI cDNA in Southern blots (23) . The 11 cDNA clones which did not hybridize to PEP1 were subjected to a second screen with radiolabeled opaque or white cDNA.
Seven of these did not prove to be opaque specific. The remaining opaque-specific clones all hybridized to transcripts with identical sizes. One opaque-specific clone, Op4, was selected for further analysis.
The Op4 gene is transcribed exclusively in opaque cells. Northern blots of total cellular RNAs isolated from two independent clones of white cells and two independent clones of opaque cells were probed with radiolabeled Op4 cDNA (Fig. 1) . Op4 cDNA hybridized exclusively to a 2.0-kb transcript with opaque-cell RNA (lanes 2 and 4) but exhibited no hybridization signal with white-cell RNA (lanes 1 and 3). In addition, white budding and white hyphaforming cells that were developed at 37°C under the regimen of pH-regulated dimorphism (10, 29) exhibited no transcript complementary to Op4 (Fig. 1, lanes 5 and 6, respectively) . Reprobing the Northern blot with the constitutively transcribed EFla2 gene demonstrated that each lane contained approximately equivalent amounts of RNA (Fig. 1) .
Op4 and PEPI reside on different chromosomes. Since both Op4 and PEP1 are differentially expressed in the opaque phase, we tested whether they are genetically linked by probing CHEF blots with radiolabeled Op4 or PEP1 cDNA. CHEF electrophoresis resolved eight chromosome-size DNA molecules in both white-and opaque-phase cells of strain WO-1 ( Fig. 2A and B) . Op4 cDNA hybridized to a single high-molecular-weight band ( Fig. 2A) , whereas PEPI cDNA hybridized to one high-and one low-molecularweight band, distinct from the single high-molecular-weight band hybridizing to Op4 (Fig. 2B) . These results demonstrate that the genes coding for Op4 and PEPI are localized on different chromosomes in the diploid genome of strain WO-1.
Absence of genomic reorganization in the vicinity of the Op4 gene during the white-opaque transition. Since it has been suggested that phenotypic switching in C. albicans may involve DNA reorganization (30) (Fig. 3) . In every case, the hybridization patterns were identical for white and opaque DNAs, indicating the absence of any gross genomic reorganization in the vicinity of the Op4 gene during the white-opaque transition. In addition, the methylation-sensitive isoschizomers MspI and HpaII generated identical patterns (Fig. 3, lanes 8 and 9, mid-log phase of growth were shifted from 25 to 42°C and shifted back to 25°C after 1 and 7 h, and samples were removed for Northern blot analysis, in the former case after 1, 3, 5, 7, and 14 h at 25°C and in the latter case after 2, 7, and 20 h at 25°C. The results are presented in 1-1) , 3 (1-3), 5 (1-5), 7 (1-7), and 14 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) h at the reduced temperature of 25°C for Northern blot hybridization with the mixed probe of radiolabeled Op4 and PEP1 cDNA. (B) Mid-log-phase cultures of opaque cells were shifted from 25 to 42°C and then shifted back to 25°C after 7 h. Samples were removed at 7 h at 42°C and after 2 (7-2), 7 (7-7), and 20 (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) h at 25°C for Northern blot hybridization with radiolabeled Op4 and PEPI cDNAs. Blots were stripped and reprobed with EFla2. after 1 h from 42 to 25°C reestablished high levels of PEP1 and Op4 after only 1 h at the reduced temperature, but cells shifted after 7 h never reaccumulated PEP1 or Op4 transcript. Therefore, transcription of both PEPI and Op4 is rapidly inactivated by a shift in temperature from 25 to 42°C but rapidly reestablished when the temperature is shifted back to 25°C prior to the point of phenotypic commitment. However, when the temperature is shifted back to 25°C after phenotypic commitment, transcription is not reactivated.
Nucleotide sequence of Op4. The nucleotide sequence of Op4 cDNA revealed an open reading frame 1,206 bp in length beginning with an ATG codon (Fig. 6 ). This open reading frame encodes a putative protein 402 amino acids in length, with an estimated molecular mass of 41.3 kDa. The sequence of the deduced protein has unusually high proportions of alanine, leucine, and serine, accounting for 38% of the protein mass. The initial amino-terminal 26 amino acids are highly hydrophobic, and Chou-Fasman analysis (12) indicates that this sequence could have a helical or coiled conformation. Although the estimated isoelectric point (pI) for the entire protein is 4.94, the pl of the carboxy terminal 100 amino acids is 10.73. Chou-Fasman analysis indicates that the last-100-amino-acid sequence has a strong probability of reverse turns. The deduced polypeptide also contains two serine clusters starting at amino acids 170 and 341 (labeled a in Fig. 6 ) and two alanine clusters located adjacent to the serine clusters and starting at amino acids 176 and 321 (labeled b in Fig. 6 ). Chou-Fasman analysis (12) indicates that both alanine clusters are located in regions of the protein with a strong potential for a-helical conformation. Additionally, there are seven Ser-Gly dipeptides dispersed throughout the deduced peptides (at residues 83, 128, 262, 341, 345, 365, and 376 [indicated by filled circles in Fig. 6 ]) which could serve as acceptor sites for glycosaminoglycans (17) . However, neither the DNA sequence nor the deduced primary protein sequence exhibited significant homology to sequences in either the GenBank DNA data base or the NBRF protein data base, respectively.
DISCUSSION
Phase specificity of Op4. The pleiotropic effect of the white-opaque transition on cellular phenotype (32, 33) suggested that it involved differential gene expression, and this was supported by the isolation of an opaque-specific cDNA, PEPI (23) , and a white-specific cDNA, Whll (34) . The extent of the impact on the phenotype also suggested that more than one phase-specific gene was activated in each phase, and this is supported in the present study by the isolation of a second opaque-specific cDNA, Op4. In Northem blots, Op4 hybridized to a single 2.0-kb transcript which was present in opaque cells but absent in white cells grown at the same temperature and in the same nutrient medium.
Since opaque cells are elongate and express one or more hyphal antigens, it has been suggested that the opaquebudding-cell morphology may represent a stable intermediate stage in the bud-hypha transition (1) . The relationship between the opaque phase in the white-opaque transition and the hypha phase in the basic dimorphic transition was strengthened by two additional observations. First, loss of a minichromosome from strain WO-1 resulted in diminished frequencies for both the bud-hypha transition and the whiteopaque transition (22) . Second, a single-cell analysis of switching suggested that the transition from the white to the opaque phase involved a hyphal or pseudohyphal intermediate (8) . However, neither PEPI (23) nor Op4 is transcribed during semisynchronous hypha formation induced under the regimen of pH-regulated dimorphism (10, 29) , suggesting that expression of Op4 and PEP1 is regulated exclusively by the white-opaque transition and supporting the idea that switching is a developmental process distinct from the bud-hypha transition (31) (32) (33) only three amino acids: alanine, leucine, and serine. Second, the polypeptide contains a hydrophobic region with 26 amino acids at the amino terminus, which is sufficient to span a membrane and which has the potential for a helical conformation. Third, although the first 300 amino acids exhibit a pI of 4.45, the last 100 amino acids exhibit a pI of 10.73 and have the potential for several reverse turns. Fourth, the deduced sequence contains two clusters of serines, each bordered by an alanine-rich sequence. The tandem clusters are in reverse order, and the alanine-rich clusters are located in regions with a strong potential for a-helical conformation.
Fifth, the deduced sequence contains seven serine-glycine dipeptides which are potential glycosylation sites (17) . The deduced amino acid sequence indicates that Op4 likely codes for a membrane-associated protein with an amino-terminal hydrophobic leader sequence and a potential for a-helical conformation.
Switching does not involve genomic reorganization in the vicinity of phase-specific genes. On the basis of the molecular mechanisms involved in switching in other organisms (6, 14, 16, 19, 35) , it has been proposed that switching in C. albicans involves reversible genomic rearrangements (9, 27, 30) . However, Southern blots of white and opaque DNAs digested with 14 different restriction endonucleases resulted in identical patterns when probed with PEP1 (23) or Op4. These results strongly suggest that there is no genomic reorganization in the immediate vicinity of either of the two phase-specific genes, but it does not rule out reversible reorganization of a master switching gene which in turn regulates expression of opaque-specific genes.
Coordinate deactivation of Op4 and PEPI transcription during temperature-induced mass conversion. Although Op4
and PEP1 are not linked in the WO-1 genome, they are coordinately regulated. When an opaque-cell population is induced to differentiate en masse to the white phase by an increase in temperature (8, 26, 28, 34) , both Op4 and PEPI transcripts decrease to undetectable levels within an hour after the temperature shift. This deactivation occurs several hours prior to the time of commitment to the white phase and activation of the white-specific gene Whll (34) . Here, we have demonstrated that this initial deactivation is rapidly reversed by a decrease in temperature up to the time of phenotypic commitment but not after the time of phenotypic commitment. Therefore, the point of phenotypic commitment is a pivotal regulatory event in the activation of at least one white-specific gene (34) and in the permanent deactivation of two opaque-specific genes. The commitment event occurs concomitantly with the second cell doubling and is blocked by conditions which inhibit cell division (26, 34) . The relationships among phenotypic commitment, transcriptional activation (Whll) and deactivation (Op4 and PEPJ), and the second cell doubling are now under investigation.
